Ercc1 has an essential role in the nucleotide excision repair (NER) pathway that protects against ultraviolet (UV)-induced DNA damage and is also involved in additional repair pathways. The premature death of simple Ercc1 mouse knockouts meant that we were unable to study the role of Ercc1 in the skin. To do this, we have used the Cre-lox system to generate a skin-specific Ercc1 knockout. With a Cre transgene under control of the bovine keratin 5 promoter we achieved 100% recombination of the Ercc1 gene in the epidermis. Hairless mice with Ercc1-deficient skin were hypersensitive to the short-term effects of UV irradiation, showing a very low minimal erythemal dose and a dramatic hyperproliferative response. Ultraviolet-irradiated mice with Ercc1-deficient skin developed epidermal skin tumours much more rapidly than controls. These tumours appeared to arise earlier in actinic progression and grew more rapidly than tumours on control mice. These responses are more pronounced than have been reported for other NER-deficient mice, demonstrating that Ercc1 has a key role in protecting against UV-induced skin cancer.
Introduction
The nucleotide excision repair (NER) pathway has evolved to deal primarily with ultraviolet (UV)-induced DNA damage. In man, the lack of a functional NER pathway has severe consequences, principally a 1000-fold increased incidence of skin cancer. This, among other features, is a characteristic of the human inherited NER deficiency disease, xeroderma pigmentosum (reviewed by Friedberg, 2001 ). ERCC1 plays an essential role in the NER pathway, acting as an endonuclease, in conjunction with XPF, to make the 5 0 incision at the lesion site. Ercc1 is essential for NER, but is also involved in homologous recombination, double-strand break repair and the repair of interstrand crosslinks (discussed by Chipchase and Melton, 2002) . Elevated levels of the commonest oxidized base, 8-oxoguanine, in Ercc1-deficient tissues also implicate Ercc1 in the repair of oxidative DNA damage (Selfridge et al., 2001; Hsia et al., 2003) . Unlike the situation for many of the NER genes, there are no known cases of ERCC1 deficiency in man, suggesting that this mutation may be an embryonic lethal, perhaps because of the additional repair functions of the gene. To investigate the role of Ercc1 in mice, we targeted the gene and found that Ercc1-deficient animals were born severely runted and died by 3 weeks of age with liver failure (McWhir et al., 1993) . We found a novel phenotype, with the development of premature hepatocyte polyploidy, that was more reminiscent of a premature ageing disorder than an NER deficiency disease (Nunez et al., 2000) . The liver phenotype was corrected by an Ercc1 transgene controlled by a liver-specific gene promoter, but livercorrected nulls now died by 12 weeks of age with kidney and additional abnormalities (Selfridge et al., 2001) .
The premature death of Ercc1 knockouts meant that we were unable to study the role of Ercc1 in the skin. To do this, we have utilized the Cre-lox system (reviewed by Kuhn and Torres, 2002) to produce a skin-specific Ercc1 knockout mouse. We have generated a mouse line that has loxP sites inserted into its Ercc1 gene (floxed Ercc1) to mark it for subsequent inactivation. To achieve Ercc1 gene inactivation, we used a transgenic line where Cre recombinase is under the control of the promoter from the bovine keratin 5 (K5) gene (Ramirez et al., 2004) . Expression from this promoter is largely restricted to the basal layer of stratified epithelia (Ramirez et al., 1994) .
Simple knockout mice for the NER genes Xpa, Xpc and Csb have been produced (de Vries et al., 1995; Nakane et al., 1995; Sands et al., 1995; van der Horst et al., 1997) . These mice are viable and, although the degree of sensitivity differs, are generally highly sensitive to UV irradiation. Our hypothesis is that, because of the additional repair functions, the consequences of Ercc1 deficiency in UV-irradiated mouse skin will be more severe than for simple NER deficiency alone. Here, we report the production of viable mice with high levels of Ercc1 inactivation in their epidermis. The Ercc1 skinspecific knockout mice are hypersensitive to the shortterm effects of UV irradiation. The mice develop UV-induced epidermal skin tumours much more rapidly than controls. The tumours arose earlier in actinic progression and grew more rapidly than tumours on control mice.
Results
Generation of Ercc1 skin-specific knockout mice The Ercc1 gene was floxed using the double replacement gene targeting strategy, devised for use with the Hprtdeficient embryonic stem (ES) cell line, HM-1, and Hprt minigenes (Stacey et al., 1994; Moore et al., 1995; Selbert et al., 1998) . In the first step, the exon 3-5 region of the Ercc1 gene was replaced with an Hprt minigene to inactivate the Ercc1 allele (see Supplementary Information, Figure 1 ). Although a new line of Ercc1 knockout mice was generated from these cells, the original knockout line with a neo gene insertion (McWhir flox/ þ with K5Cre P mice detected by quantitative Southern analysis. DNA (10 mg) from the tissues indicated was digested with EcoRI alongside a titration curve with the indicated levels of recombination. The probe used is indicated above. The 5.5 kb band is from the wild-type (and floxed) alleles, and the 3.05 kb band is from the recombined allele. (e) Estimate of skin-specific recombination in Ercc1 flox/ þ with K5Cre P mice. The intensity of the bands from the wild-type (and floxed) and recombined alleles was determined by phosphorimagery and the (recombined/recombined and wild-type bands) Â 100 was plotted against the percent recombination. Simple regression analysis was used to draw the line for the recombination standards, from which the level of recombination (67% in this skin sample) was estimated. (f) Epidermis-specific recombination in Ercc1 flox/ þ with K5Cre P mice detected by quantitative Southern analysis. Southern analysis was carried out as in (d). The 5.5 kb band is from the floxed allele, the 4.5 kb band is from a wild-type allele with a polymorphic EcoRI site in intron 2 and the 3.05 kb band is from the recombined allele. Note the complete absence of the floxed allele in the epidermis, indicating 100% recombination.
Mice with DNA repair-deficient skin J Doig et al et al., 1993) was used for the matings described below to generate skin-specific Ercc1 gene inactivation. In the second round of gene targeting, the Hprt marker in the knockout clone was replaced with the Ercc1 exon 3-5 region, flanked by loxP sites, and a new strain homozygous for the Ercc1 floxed allele was established ( Figure 1a) . To obtain skin-specific Ercc1 inactivation, we used a line containing a Cre transgene under the control of the bovine keratin 5 promoter (K5Cre transgene; kindly provided by Dr Jose´Jorcano, CIEMAT, Madrid, Spain). Ercc1 flox/À with K5Cre mice served as our experimental animals in the UV irradiation experiments described below, Ercc1 flox/ þ with K5Cre littermates served as controls. To facilitate our irradiation studies mice were produced on a hairless (hr) and albino background.
Ercc1
flox/À mice with K5Cre mothers show runting and early death and recombination of the floxed allele in all tissues We have demonstrated previously that progeny from K5Cre-containing mothers show constitutive recombination of a floxed allele as a result of Cre expression in oocytes (Ramirez et al., 2004) . As expected, all Ercc1 flox/À progeny of mothers with the K5Cre transgene were born severely runted and died before weaning with identical premature polyploidy in hepatocytes to that seen in simple Ercc1 knockouts (see Supplementary Information, Figure 2 ; McWhir et al., 1993) .
Polymerase chain reaction (PCR) analysis on DNA extracted from Ercc1 flox/ þ K5Cre M (transgene inherited from mother) littermates, which are perfectly viable, revealed recombination in all tissues sampled (Figure 1b) . The extent of recombination was quantified by Southern blotting. Varying amounts of DNA from an ES cell line heterozygous for a recombined floxed allele (Ercc1 rec/ þ ) were added to wild-type tissue DNA to provide a titration curve for the level of recombination. Phosphorimagery was used to determine the ratio of recombined/recombined and non-recombined alleles. Recombination levels ranged from 80 to 100% in all the tissues examined (data not shown), demonstrating widespread recombination in Ercc1 flox/À K5Cre M mice.
flox/À mice with K5Cre fathers show skin-specific recombination of the floxed allele All Ercc1 flox/À progeny with K5Cre derived from their fathers (K5Cre P ) developed normally into adulthood and showed normal viability. Polymerase chain reaction analysis on tissues from these animals revealed skinspecific recombination of the floxed allele and only very low levels of recombination in other tissues (Figure 1c) . Although not visible in this figure, faint bands were sometimes detected in the lung, pancreas and brain from some animals. Southern blotting indicated that the level of recombination in the skin of these animals was 50-70% (Figure 1d and e) and o5% in any internal tissue. Skin consists of epidermis and dermis and K5Cre is expressed only in the basal layer of the epidermis. The efficiency of Cre-mediated recombination was more accurately estimated after separation of the epidermis from the dermis (Figure 1f ). This determination was facilitated by the exploitation of a polymorphism in intron 2 of the wild-type Ercc1 gene segregating in our stock that allowed recombined, floxed and wild-type alleles to be distinguished. In the absence of this polymorphism (see Figure 1a and Supplementary  Information Figure 1 ), the wild-type and floxed alleles are indistinguishable by Southern analysis. In the separated epidermis, the floxed band was undetectable, indicating 100% recombination. The low level of recombination detected in the dermis sample probably reflects the presence of epidermally derived hair follicles.
Ercc1 flox/À mice with paternally inherited K5Cre will now be described as Ercc1 skin-specific knockout, or experimental animals and Ercc1 flox/ þ K5Cre P littermates will be described as controls.
Ercc1 skin-specific knockout mice show an extreme shortterm response to UVB irradiation The minimal erythemal dose (MED) for control mice was 900 J m À2 , within the range reported previously for repair-proficient animals. However, the MED for Ercc1 skin-specific knockouts was only 40 J m À2 , a 20-fold difference and lower than values reported previously for NER knockout mice.
Ercc1 skin-specific knockout and control mice were UVB-irradiated (500 J m À2 ) and the epidermal thickness on the outer surface of the ear was determined at varying times thereafter ( Figure 2 ). As expected, there was a minimal response to this dose in control animals, but there was pronounced epidermal hyperplasia in the mutants, peaking 7 days after irradiation with a sevenfold increase in epidermal thickness. Proliferation within the epidermis was also measured using 5-bromo-2 0 -deoxyuridine (BrdU) incorporation ( Figure 2 ). Again proliferation in the Ercc1 skin-specific knockouts peaked at day 7, with a 20-fold increase in the positively stained nuclei over controls.
Unirradiated skin from the back and upper surface of the ear were indistinguishable histologically between experimental and control mice (Figure 3a and b). Epidermis from the ear of UVB-irradiated (500 J m À2 ) control mice showed mild, uniform hyperplasia on day 7; by day 10 epidermis was indistinguishable from unirradiated controls. Epidermis from irradiated Ercc1 skin-specific knockouts showed the expected undulation of the basal layer and was irregularly hyperplastic on day 7, far in excess of that seen in controls. Basal cells and spinous cells were hypertrophied and nuclei were larger than those of control mice at day 7, but flow cytometry on isolated propidium iodide-stained nuclei provided no evidence of increased ploidy as seen in Ercc1-deficient liver and kidney (Selfridge et al., 2001) . There was prominent hypergranulosis in the stratum granulosum and prominent hyperkeratosis. On day 10, epidermis from experimental mice had continued hypertrophy and hyperplasia of basal/spinous cells and hypergranulosis and hyperkeratosis was more exaggerated than on day 7.
Ear epidermis from control mice responded in the same way to a higher dose of UVB (2000 J m
À2
). There was transient mild acanthosis which had returned to normal on day 10 ( Figure 3c ). Epidermis from Ercc1 skin-specific knockouts responded similarly to that of mice that received the lower dose with the following differences: The hyperplasia was even more pronounced and there were multiple intracorneal pustules and diffuse intercellular epidermal oedema on day 7 and less hypergranulosis on days 7 and 10 ( Figure 3d ). The increase in epidermal thickness in Ercc1 skin-specific knockouts was more pronounced than that reported for other NER gene knockouts.
Ercc1 skin-specific knockouts are hypersensitive to ultraviolet-induced skin cancer To investigate the longer term effects of UVB irradiation Ercc1 skin-specific knockouts were irradiated with 125 J m À2 three times a week. Higher, or more frequent, doses produced a level of erythema that was too severe for a chronic irradiation protocol. All (n ¼ 6) Ercc1 skinspecific knockouts contracted multiple skin tumours. The earliest tumour was seen at 8 weeks and all animals had tumours at 17 weeks (Figure 4a ). Control mice (n ¼ 2) receiving the same dose remained tumour free until they were finally killed owing to age-related deterioration after 58 weeks of continuous irradiation. Ercc1 skin-specific knockouts show an extreme shortterm response to UVB. Ercc1 skin-specific knockout and control mice were UVB irradiated (500 Jm
) and the mean epidermal thickness on the upper surface of the ears (panel a) and the number of 5-bromo-2 0 -deoxyuridine-positive nuclei per mm of epidermis (panel b) was determined at varying times thereafter. Unshaded bars, control; shaded bars, Ercc1 skin-specific knockout. Each point is the mean from two ears. CONT, non-irradiated sample.
Mice with DNA repair-deficient skin J Doig et al for 50% of the Ercc1 skin-specific knockout mice to develop tumours was 3.75 kJ m À2 . The equivalent dose for control mice was 140 kJ m À2 (Figure 4b ). The average number of tumours/animal was 5.2 for Ercc1 skinspecific knockouts and 3.7 for controls. This value for controls was calculated from the six mice in this experiment and three additional mice from an earlier experiment.
Skin tumours grow more quickly in Ercc1 skin-specific knockout mice Throughout the chronic irradiation experiments, tumours were measured weekly, consequently we were able to compare tumour growth in the two genotypes ( Figure 5 ). Two weeks after first detection, only 15% of tumours from control mice exceeded 2 mm in diameter, compared to 45% from Ercc1 skin-specific knockouts. Three weeks after first detection, 25% of tumours from control mice exceeded 2 mm, compared to 65% for experimental mice. The size difference was still present 4 weeks after first detection, where only 10% of tumours from control mice exceeded 5 mm, compared to 45% from experimental mice. These tumour size distributions were significantly different between genotypes at all three time points (2 weeks, w 2 1DF , P ¼ 0.03; 3 weeks, w 2 2DF , P ¼ 0.03; 4 weeks, w 2 2DF , P ¼ 0.04). It was not possible to monitor tumour growth for more than 4 weeks as the presence of tumours exceeding 10 mm in diameter on Ercc1 skin-specific knockouts necessitated termination of the protocol.
Chronic irradiation-induced skin changes in Ercc1 skinspecific knockout mice The back skin of chronically irradiated control mice (25 weeks, 2000 Jm À2 UVB, three times a week) showed mild, uniform hyperplasia to a maximum thickness of 32 mm (Figure 3e) . Two or three layers of cells now formed the stratum granulosum and these were flattened to polygonal and had more keratohyalin granules, which were more dispersed and larger, than unirradiated mice. There was no dysplasia or hyperkeratosis. In chronically irradiated Ercc1 skin-specific knockouts (12 weeks, 125 Jm À2 UVB, three times week) more pronounced changes were present in both the epidermis and dermis (Figure 3f ). There was diffuse hyperplastic actinic keratosis. Epidermal hyperplasia was uneven resulting in surface irregularity with epidermal pegs extending into the dermis, and epidermal thickness was increased to a maximum of 97 mm. There was patchy hyperkeratosis and parakeratosis. The stratum granulosum was highly variable. Although discontinuous, in areas where it occurred it was two or three cells thick. Cells containing keratohyalin granules varied from flattened to polygonal. In polygonal cells of the stratum granulosum, keratohyalin granules were dispersed and variable in size. The most striking epidermal changes were in the stratum basale where basal cells were hyperplastic and dysplastic. The stratum basale ranged from one to four cells thick. Basal cells were polygonal with prominent intercellular spaces traversed by intercellular bridges. Polygonal basal cells exhibited cytomegaly, karyomegaly and anisokaryosis. Cells of the stratum spinosum were hypertrophied and occasionally apoptotic. Rare dyskeratotic cells were also present. Changes in the dermis consisted of fibrosis and chronic inflammation.
A different skin tumour spectrum in Ercc1 skin-specific knockout mice Proliferative UV-induced skin lesions were classified based on their gross and histopathological appearance (Table 1 ). All tumours scored in the experiment described in Figure 4 appear in Table 1 . There was an equal distribution of papules, endophytic masses and exophytic masses between genotypes. In both groups the majority of endophytic masses (>2 mm) were squamous cell carcinomas (SCC). Similarly, in both groups, most exophytic masses were precancerous lesions (acanthosis or actinic keratosis), or carcinoma in situ. However, among the smallest tumour class, papules (o2 mm), there was a striking difference in the prevalence of carcinoma in situ. Whereas 10 of 17 papules were Ultraviolet-induced skin tumour production in Ercc1 skin-specific knockout mice. Mice were UVB irradiated three times a week and the time to appearance of the first skin tumour on each animal was recorded. (a) Tumour-free incidence against elapsed time from start of irradiation protocol. (b) Tumour-free incidence against cumulative UVB dose.
Mice with DNA repair-deficient skin J Doig et al carcinoma in situ in control mice (Figure 6a) , none of the 15 papules were carcinoma in situ in Ercc1 skinspecific knockout mice (Figure 6b ) (Po0.01, z-test).
Combining results for all the gross categories, carcinoma in situ was only diagnosed in three of 31 lesions in Ercc1 skin-specific knockout mice, versus 15 of 34 lesions in controls (Po0.002, z-test). In the eight tumours identified as SCC grade not specified (GNS) in Ercc1 skin-specific knockout mice, four appeared to arise from areas of adjacent actinic keratosis (partial thickness dysplasia) (Figure 6d ) and three appeared to arise from adjacent carcinoma in situ (the remaining tumour arose from a keratoacanthoma). By contrast, all six SCC GNS identified in control mice were adjacent to carcinoma in situ (Figure 6c ).
Discussion
Ercc1 is essential for NER, but is also involved in other repair pathways relevant to the repair of UV-induced DNA damage in the skin. This led to our hypothesis that the consequences of Ercc1 deficiency in the skin will be more severe than those reported for other NER gene knockouts. Until now the early lethality in both simple and liver-corrected Ercc1 knockouts (McWhir et al., 1993; Selfridge et al., 2001 ) has prevented investigation of this hypothesis. Here we have used the Cre-lox system to generate mice with Ercc1-deficient skin. The Cre transgene used was under the control of the bovine K5 gene promoter, which is expressed in the basal layer of the epidermis (Ramirez et al., 2004) . Southern analysis on epidermis from Ercc1 flox/À mice, where the K5Cre transgene was inherited from the male parent, indicated 100% recombination with only low levels (o5%) detected in other tissues.
We have previously shown that Ercc1 is essential for normal liver (McWhir et al., 1993) and kidney function (Selfridge et al., 2001 ) and for gametogenesis (Hsia et al., 2003) . The Ercc1 skin-specific knockouts have normal viability and, in the absence of UV irradiation, their skin was indistinguishable from controls, so we conclude that Ercc1 is not a skin-essential gene. However, Ercc1 skin-specific mice were hypersensitive to both the short-and long-term effects of UVB irradiation. Hypersensitivity to UV has been reported previously for NER knockout mice, most notably for Xpa, Xpc and Csb (Nakane et al., 1995; Sands et al., 1995; de Vries et al., 1995; van der Horst et al., 1997) .
Erythema is triggered by cytokines in response to stalled RNA polymerases at sites of UV-induced DNA damage in keratinocytes. This conclusion was reached from the low MEDs shown by Xpa (complete NER knockout) and Csb (defective transcription coupled repair only) knockout mice and the higher MED reported for Xpc knockouts (defective global genome repair only) (Berg et al., , 2000 . The MED for our Ercc1 skin-specific knockouts was lower and the 20-fold difference from our control mice, which are themselves heterozygous for Ercc1 deficiency, was also greater than reported for other NER knockouts. The MED of Xpa and Csb mutants was between 135 and 270 J m À2 and the MED of Xpc knockouts and control mice was between 1080 and 2160 J m À2 (Berg et al., 2000) . A lower MED for Xpa mice (62.5 Jm À2 ) was reported by van Schanke et al. (2005) , but the MED for control mice was also lower (500 Jm À2 ). Another acute effect of UVB is to elicit epidermal hyperplasia. The resulting skin thickening reduces UV penetration to the basal layer of the epidermis and underlying dermis. At the peak of the response to 500 Jm À2 UVB, the epidermis was sevenfold thicker in Ercc1 skin-specific knockouts than controls. Epidermal thickening (10-fold more than controls) and cellular abnormalities were even more pronounced at 2000 Jm À2 . Acute UV-induced epidermal thickening has not been studied so thoroughly in other NER knockouts. Examination of irradiated skin sections in reports for other NER knockouts shows the strongest response in Xpa knockouts following 1200 Jm À2 (de Vries et al., 1995) , where the thickening was only around half the Abbreviations: GNS, grade not specified; SCC, squamous cell carcinoma.
a Ercc1 skin-specific knockout.
Mice with DNA repair-deficient skin J Doig et al maximum level reported here for Ercc1 skin-specific knockouts. Thus, the epidermal thickening and cellular abnormalities in our Ercc1 skin-specific knockouts are more pronounced than reported for other NER knockouts. Ercc1 skin-specific knockout mice were also hypersensitive to UV-induced skin cancer. The simple comparison of tumour yield understates the difference between Ercc1 skin-specific knockout and control mice because the more rapid growth of tumours on mutant mice meant that the maximum tumour size end point was reached far earlier after the first tumour was detected on mutant compared to control animals. As the carcinogenic effect of UVB is not directly proportional to dose, the most rigorous comparisons of sensitivity require equivalent doses. At the lowest dose (125 Jm
À2
, three times a week) tumours were first detected on Ercc1 skin-specific knockouts after 8 weeks. At the same dose no tumours were detected on control mice up to 58 weeks when the protocol was terminated, Skin tumour growth in Ercc1 skin-specific knockout mice. Tumour diameter (mm) was determined 2, 3 and 4 weeks after each tumour was initially detected. The frequency (%) of tumours in the different size categories is indicated. Unshaded bars, control; shaded bars, Ercc1 skin-specific knockout. Two-week measurements: control, n ¼ 22 tumours; Ercc1 skin-specific knockout, n ¼ 18. Three-week measurements: control, n ¼ 22; experimental, n ¼ 17. Four-week measurements: control, n ¼ 20; experimental, n ¼ 15. Mice with DNA repair-deficient skin J Doig et al indicating that Ercc1 skin-specific knockouts were >sevenfold more sensitive than controls. Based on the ratio of median tumour induction times at the same dose, Xpa mice were only fourfold, Xpc mice threefold and Csb mice were twofold more sensitive than controls (Berg et al., , 2000 . A much higher dose (2000 J m
) was required to generate a comparable number of skin tumours in our control mice. The cumulative UVB dose for 50% of Ercc1 skin-specific knockout mice to develop skin tumours (3.75 k J m À2 ) was 37-fold lower than for controls. This sensitivity is comparable to that reported for Xpa knockouts where, at 32 J m À2 day À1 , 50% of mice developed tumours at a cumulative dose of 3.1 k J m À2 , or 3.7 k J m À2 (de Vries et al., 1998) . At the higher dose of 80 J m À2 day À1 the corresponding cumulative doses were 5.5 k J m À2 and 7.7 k J m À2 (de Vries et al., 1998). Many of the other skin carcinogenesis protocols have used much higher UVB doses, or shaven as opposed to hr mice, or different UV sources with possible discrepancies in dosimetry, making comparison with our data difficult. Cumulative UVB doses under these high daily dose conditions for 50% of mice to develop tumours (or for a high frequency of tumour production) were: Xpc 300 k J m À2 (Sands et al., 1995) , 1997) . Thus, in a similar protocol and not withstanding that the genetic backgrounds are different, sensitivity to UV-induced skin cancer in Ercc1 skin-specific knockouts is comparable to that seen in Xpa knockouts and exceeds that reported for other NER knockouts. In addition to an increased frequency, tumours on Ercc1 skin-specific knockout mice were larger and grew more quickly than on control littermates. This has not been reported for other NER knockouts.
One explanation for the decreased frequency of carcinoma in situ in Ercc1 skin-specific knockout mice is that SCCs arise earlier in actinic progression in these animals, before full-thickness actinic dysplasia, which was our criterion for a diagnosis of carcinoma in situ. Support for this hypothesis comes from comparing the histological environment in which SCC GNS occurred in Ercc1 skin-specific knockout and control mice. Squamous cell carcinoma GNS was the classification given to tumours in which individual epidermal cells or small nests of epidermal cells had clearly penetrated the basement membrane and invaded the dermis. Half the tumours identified as SCCs GNS in Ercc1 skin-specific knockout mice appeared to arise from areas of adjacent actinic keratosis, whereas all SCCs GNS identified in control mice were adjacent to carcinoma in situ. Further evidence for earlier progression to SCC in Ercc1 skin-specific knockout mice was the trend towards a higher prevalence of SCC among papules: 7/15 for Ercc1 skin-specific knockouts and 3/17 for controls. Larger cohorts will be necessary to confirm this trend.
In Ercc1 skin-specific knockout mice, half (12/24) of all raised epidermal masses (papules and exophytic masses) were hyperplastic actinic keratosis (actinic papillomas). By contrast, only four of 26 raised epidermal masses were diagnosed as actinic keratosis in control mice. This difference in the prevalence of hyperplastic actinic keratosis could have resulted from a greater tendency for focal hyperplasia to occur in actinic lesions of experimental versus control mice. Alternatively, or in addition, the diffuse background of actinic keratosis in Ercc1 skin-specific knockout mice, revealed in samples from non-gross lesional skin, provided a far greater opportunity for superimposition of focal exuberant hyperplasia than in control mice in which the background skin histopathology was non-dysplastic acanthosis.
Thus, in addition to the expected increased frequency of UV-induced epidermal skin tumours in Ercc1 skinspecific knockout mice, the tumours are also larger, grow more quickly and show more rapid actinic progression to SCC than in control mice. Increased skin tumour frequency in NER knockout mice has been reported previously, but the more rapid actinic progression has not. We do not know whether this is specific to Ercc1 deficiency, or is a previously undetected general feature of NER-deficient epidermis, that could result from increased UV-induced mutagenesis and the pronounced proliferative response. This could be a direct effect of Ercc1 deficiency on progression, or an indirect effect of the increased tumour growth rate.
We have shown that Ercc1 has an essential role in protecting the skin against the short-and long-term effects of UVB irradiation. The combined erythemal, hyperproliferative and skin tumour responses in Ercc1 skin-specific knockout mice are stronger than reported for other NER gene knockouts. In addition, we have demonstrated more rapid actinic progression in Ercc1-deficient skin. Molecular analysis of mutations arising in these tumours will be necessary to confirm our hypothesis that the consequences of Ercc1 deficiency in skin are more severe than for other NER genes.
Materials and methods
Generation of hairless Ercc1 skin-specific knockout mice Hairless (hr) mice on an MF-1 background were obtained from Harlan UK Ltd, Bicester, Oxan, UK. These were crossed separately with our K5Cre (Ramirez et al., 2004) , Ercc1 floxed and original Ercc1 knockout lines (McWhir et al., 1993) and albino progeny were intercrossed to produce albino hairless K5Cre, Ercc1 floxed and Ercc1 knockout lines. K5Cre containing Ercc1 þ /À males from a cross between albino hairless K5Cre and Ercc1 knockout lines were mated with albino hairless Ercc1 flox/flox females to produce experimental (Ercc1 flox/À with K5Cre) and control (Ercc1 flox/ þ with K5Cre) littermates on a segregating background.
Mouse genotyping
Ercc1. The Ercc1 null (Ercc1 À ) allele was the original knockout allele with a neo gene insertion (McWhir et al., 1993) , rather than the new knockout allele described here, which was generated as an intermediate in the production of the floxed allele. A triplex PCR (Selfridge et al., 2001 ) distinguished
Ercc1
þ and Ercc1 flox alleles from the Ercc1 À allele. Primers 033 M for exon 4 (5 0 -CCCGTGTTGAAGTTTGTGCG, mouse Ercc1 cDNA sequence 429-448, GenBank Accession no X07414) and 035 M for exon 5 (5 0 -CGAAGGGCGAAGTT CTTCCC, mouse Ercc1 cDNA sequence 598-579) gave a 0.6 kb product for the wild-type and floxed alleles. The null allele was detected as a 0.8 kb product from the exon 5 primer and a primer for the neo cassette (5 0 -GGTTCGAAATGACCG ACCAAGCG, 958-980 GenBank Accession no V00618). A PCR reaction with primers 432E and 159 M distinguished between the wild-type (1.8 kb product) and floxed (1.4 kb) alleles (see Supplementary Information, Figure 1 ). 432E (5 0 -TGCAGAGCCTGGGGAAGAACTTCGC; mouse Ercc1 cDNA sequence exon 5; positions 568-592, GenBank Accession no. X07414) and 159 M (5 0 -TAGCCAGCTCCTTGAGA GCC; mouse Ercc1 cDNA sequence exon 6, positions 657-638) with cycle conditions: 941C 1 min, 661C 1 min and 721C 1.5 min for 35 cycles.
Keratin 5 Cre Genotyping for the K5Cre transgene was performed using primers G13586 (5 0 -ACCTGCCATGAAGA-CAGCGTTTGCAC, B. taurus gene for keratin 5, promoter region, positions 1115-1140, GenBank Accession no. Z32746) and G13587 (5 0 -TGCACGTTCACCGGCATCAACG, Bacteriophage P1 Cre recombinase gene, coding region, positions 877-856, GenBank Accession no. X03453). A 1.4 kb product specific for the transgene was obtained with conditions: 941C 1 min, 661C 1 min and 721C 1.5 min for 30 cycles.
Recombination of the Ercc1 floxed allele
Recombination of the Ercc1 floxed allele was detected with primers F25731 (5 0 -TGTCTCCCTGGCTCTGGATCTGAC) and F25732 (5 0 -TCAAAGTATGGTAGCCAAGGCAGC), which lie immediately 5 0 of the first loxP site and 3 0 of the second loxP site, respectively (see Figure 1 and Supplementary  Information, Figure 1) . A 0.25 kb product specific for the recombined allele was obtained with conditions: 941C 1 min, 681C 1 min and 721C 1.5 min for 25 cycles. Under these conditions, the distance between the primers on the nonrecombined floxed allele is too great to give a PCR product.
Southern analysis
Separation of the epidermis from the dermis of mouse tails has been described previously (Remenyik et al., 2003) . DNA was extracted from mouse tissues and subjected to Southern analysis as described (Thompson et al., 1989) . The probe used was a 600-bp PCR product spanning exons 1 and 2 (Figure 1 ). This product was obtained with primers F29600 (5 0 -GAGTCT AGCAGGAGTTGTGCTGGC, mouse Ercc1 cDNA sequence 1-24, GenBank Accession no. X07414) and F29601 (5 0 -CTTCCTCCTGGTGGGTGGTCCTGAGG, mouse Ercc1 cDNA sequence 161-136) with conditions: 941C 1 min, 641C 1 min and 721C 1 min for 35 cycles.
Ultraviolet irradiation experiments
Animals were irradiated with a UVB light source (Phillips TL20W/12RS tube, emitting 2.4 J m À2 s À1 and calibrated to national standards). To study short-term responses, animals were killed at varying times after irradiation and ears were removed and fixed in Methacarn (methanol:chloroform:acetic acid, 3:2:1). Five micron transverse sections were cut and stained with haematoxylin and eosin (H&E). Epidermal area was measured along the length of the irradiated (upper) surface, and the mean epidermal thickness was calculated by dividing the area by the length. This was done to correct for local variations in epidermal thickness along the length of the ear. Immunohistochemistry for BrdU incorporation was carried out by a modification (see Supplementary Information) of a method described previously (Nunez et al., 2000) .
For long-term irradiations, animals were monitored weekly and changes in skin condition, tumour onset and tumour size were recorded. An animal was killed when its largest tumour exceeded 10 mm in diameter. Tumours and apparently unaffected areas of back skin were removed, fixed in buffered formalin and processed for histology with H&E staining as described above.
Gross and histologic classification of tumours Ultraviolet irradiation-induced skin tumours were classified based on their gross and histologic appearance using a modification of the scheme proposed by Gallagher et al. (1984) and Canfield et al. (1988) . Briefly, skin lesions were classified according to their gross appearance as papules (raised epidermal mass less than 2 mm in diameter), exophytic masses (growth projecting from surface greater than 2 mm in diameter), and endophytic masses (inward growing mass greater than 2 mm in diameter).
Histologic classification consisted of non-neoplastic appendage cysts, acanthosis (epidermal hyperplasia without dysplasia), and actinic keratosis (epidermal hyperplasia with dysplasia of basal cell layer, or basal and spinous cell layer, but retention of external granular cell layer). Epithelial neoplasms consisted of carcinoma in situ (full-thickness dysplasia, absent stratum granulosum, intact basement membrane) and SCC (penetration of basement membrane and dermal invasion). Grade 1 SCC had prominent keratin pearls with obvious granular cell layer; Grade 2 SCC had fewer keratin pearls with few or absent granular cells often associated with parakeratosis; Grade 3 SCC had no keratin pearls, but keratinized groups of cells or individual cells. Squamous cell carcinomas with GNS were those carcinomas consisting of individual cells or small nests of cells which were judged to have penetrated the basement membrane and invaded the superficial dermis.
